We present an experimental study of the electronic structure of MnSi. Using x-ray absorption spectroscopy ͑XAS͒, x-ray photoemission, and x-ray fluorescence, we provide experimental evidence that MnSi has a mixed valence ground state. We show that self-consistent local density approximation supercell calculations cannot replicate the XAS spectra of MnSi, while a good match is achieved within the atomic multiplet theory assuming a mixed valence ground state. We discuss the role of the electron-electron interactions in this compound and estimate that the valence fluctuations are suppressed by a factor of 2.5, which means that the Coulomb repulsion is not negligible.
Traditionally, the magnetism of MnSi is considered as weakly itinerant, 1, 2 i.e., the spin polarization is modeled as a relative shift of bands of delocalized Bloch states for the two spin directions. At ambient pressure, MnSi orders helimagnetically below T C = 29.5 K, and becomes ferromagnetic in a magnetic field exceeding 0.6 T. The Hall effect and the negative magnetoresistance 3 in the ferromagnetic phase agree well with the theory of spin fluctuations in itinerant ferromagnetism. 1 Also the inelastic neutron scattering data can be interpreted in this framework. 4 The saturation moment of the magnetically ordered phase is 0.4 B per Mn atom. On the other hand, ab initio calculations based on the the local density approximation ͑LDA͒ indicate a tendency of the Mn atoms to form a moment close to 1 B if the real lattice constant for MnSi ͑4.558 Å͒ is used. 5, 6 A fit of the susceptibility in the paramagnetic phase to a Curie-Weiss law gives 2.2 B per Mn atom. 7 Recently, several properties of MnSi have been discovered which had not been anticipated on the basis of the itinerant model and which remain to be fully understood: Above 14.6 kbar, the material enters a phase with partial helimagnetic order along the ͑1,1,0͒ direction, 8 where the electrical resistivity is proportional to T 3/2 in contradiction to standard notions of a Landau Fermi liquid. 9 A further indication of anomalous low energy scale properties follows from the non-Drude infrared optical conductivity at ambient pressure, 10 proportional to ͑i͒ −1/2 . Above T C , the resistivity is described by the formula 10 = sat T / ͑T 0 + T͒ which for T ӷ T 0 = 180 K approaches the Mott-Ioffe-Regel limit, sat = 287 ⍀ cm. The rapid rise toward saturation corresponds to a strong dissipation of the charge transport. The abrupt drop of the electrical resistivity when the material is cooled through T C suggests that this dissipation is due to a coupling to magnetic fluctuations.
Here, using x-ray Absorption Spectroscopy ͑XAS͒, x-ray photoelectron spectroscopy ͑XPS͒, and x-ray fluorescence spectroscopy ͑XFS͒, we provide the experimental evidence that MnSi has a mixed valence ground state which cannot be described by the standard LDA approach. We will show that the electron-electron correlations are not negligible, the value of U / W is estimated to be around 0.4, where U is the on-site Coulomb repulsion and W is the bandwidth; we think that most likely the observed deviations from the usual itinerant picture are due to the suppression of valence fluctuations in the ground state of the material.
The crystal structure of MnSi is generated by the cubic B20 structure. 11, 12 The unit cell contains 4 Mn atoms at crystallographically equivalent positions. The sublattice of the transition metal atoms, displayed in Fig. 1 , reveals that the basic structural element is an equilateral triangle of three Mn atoms. The structure is a corner-sharing one: Each Mn atom connects three triangles, which occur with four different orientations along the body diagonals of the cubic unit cell. The singly connected loops of the structure shown in Fig. 1 contain an odd number of bonds. The structural similarity to the pyrochlore, 13, 14 Kagome, 15, 16 gadolinium gallium garnet, 17 and the ␤-Mn lattices 18, 19 is a peculiarity that has been overlooked so far and that might play a role in the formation of the helical magnetic structure observed below 29 K.
MnSi high quality single crystals were grown by the floating zone technique starting from 4N purity Mn and 5N purity Si. All samples were characterized by x-ray diffraction, energy dispersive x-ray ͑EDX͒ elemental analysis and electrical resistivity. The residual resistivity of all MnSi samples was less than 2 ⍀ cm.
The experiments were performed at the BACH beam line 20 of the ELETTRA synchrotron in Trieste. XAS was performed in total electron yield ͑TEY͒, measuring roughly the first 50 Å of the surface, and total fluorescence yield ͑TFY͒, measuring down to 200 nm in the bulk. The XAS spectra were normalized to the incident photon flux, the resolution in TEY was 150 meV and 400 meV in TFY. The fluorescence experiments were done recording the fluorescent decay of Mn 3d → 2p and 2p → 3s levels on a chargecoupled device ͑CCD͒ detector.
Large single crystals were cleaved in situ prior to the measurements in order to obtain clean surfaces; the surface quality was checked with XPS, Fig. 2 . The base pressure in the measurement chamber was 1 ϫ 10 −10 mbar. XAS and XPS spectra were recorded at room temperature within minutes after cleaving. The contamination of the surface before and after cleaving was checked by oxygen and carbon 1s photoemission. The cleaved surface of the sample was scanned spatially with steps of 100 m and XPS was recorded at each position. This analysis showed that a significant carbon contamination is present on the border of the sample. This contamination affects dramatically the shape of the TEY XAS. Only at least 150 m away from the sample's border, where the XPS reveals a very clean surface, we could have a TEY spectrum in agreement with the TFY one, representative of the bulk properties of the material. In the XPS spectra, recorded in the middle of a cleaved sample, the oxygen and carbon 1s lines are completely suppressed with respect to the noncleaved sample, as shown in Fig. 2 . The analysis of the surface revealed that carbon, MnO, and SiO 2 are the main contaminants. The XPS of Si 2p levels shows a component around 102 eV associated to SiO 2 ; the Mn 3s splitting on the sample before cleaving was 6.3 eV, in agreement with earlier reports for MnO. 21 In the cleaved sample, the high binding energy peak of the Si 2p level is suppressed, the Mn 3s levels splitting diminishes to a much smaller value and the carbon and oxygen 1s lines are suppressed.
In Fig. 3 , we display the Mn L 2,3 XAS spectrum of MnSi measured both in TEY and TFY; one can see that the two spectra are almost identical, indicating that we are probing, indeed, the bulk. The two main peaks correspond to the 2p 1/2 ͑642 eV͒ and 2p 3/2 ͑653 eV͒ spin-orbit split components of the 2p core level. In a one-particle picture, these two edges have the same spectral shape, as illustrated by a first principles calculation using the LDA ͑black line in Fig. 3͒ . Selfconsistent ͑LDA-LMTO͒ LDA linear muffin tin orbital calculations have been performed for 64-atom supercells; one of the Mn atoms has a core hole. The ground state of the Table I , which corresponds to the noninteracting particle picture. Right panel: The LDA calculations are plotted for three different values of the lattice parameter together with the experimental spectra. calculation was ferromagnetic, adopting three different states of magnetic polarization characterized by local moments of 0.4, 0.8, and 1 B , labeled as such in Fig. 3 . The XAS spectrum corresponds to a broadened sum of the unoccupied local spin Mn-d density of states ͑DOS͒ functions. A known problem of band calculations in MnSi is the predicted value of the local moment on the transition metal atom. 6 This quantity is strongly dependent on the unit cell dimension and tends to be higher then the measured one when the lattice constant has the experimentally determined dimension of 4.558 Å. We checked the influence of this effect on the XAS spectrum in three cases, changing the lattice constant: the local moment of Mn is 0.4 B ͑the experimentally measured value͒ for a lattice parameter a = 4.36 Å, 0.8 for a = 4.5 Å, and 1 B for the measured lattice constant a = 4.55 Å. This is shown in the right panel of Fig. 3 ; this effect weakly modifies the XAS spectrum and cannot explain the strong departure from the measured one. It is evident that LDA calculations are narrower and cannot replicate the XAS spectra for MnSi. In the middle panel of Fig. 3 , we also compare the experimental spectra with atomic model calculations performed with a standard computer program. 22 We calculate the XAS spectra for several different configurations: Mn 3d 4 , 3d 5 , 3d 6 , 3d 7 , and d 8 in a cubic crystal field environment of 2.4, 2.6, and 3 eV. Furthermore, least-mean-squares fits to the data of the weighted superposition of four single valence spectra, d 4 , d 5 , d 6 , d 7 and d 5 , d 6 , d 7 , d 8 , were performed. The least-mean-squares routine tends to give a negligible weight to the d 4 and d 8 configurations. We estimate the error bars of this approach as the maximum spread of values obtained for the d 5 , d 6 , d 7 configurations in the two cases for the three mentioned values of the crystal field. The crystal field is estimated from the band splitting observed in the high symmetry points of the band calculations. 5 In the best fit, the relative weights of the different valences are found to be 0% d 4 , 21% d 5 , 55% d 6 , 24% d 7 , and 0% d 8 in a crystal field of 2.6 eV. In Fig. 4 , we also plot the inverse of the 2 obtained fitting the experimental data to the combination of d 4 + d 5 , d 5 + d 6 , d 6 + d 7 , and d 7 + d 8 , respectively. This calculation shows that the fitting quality is peaked around the d 6 configuration and supports the conclusion that a large contribution to the XAS spectrum comes from the 3d 6 configuration.
In the left panel of Fig. 3 , we also show a calculation for an atomic 3d 6 ground state; this simple calculation also does not represent satisfactorily the experiments. The better agreement between the experiments and the atomic multiplet mixed valence calculation emphasizes two important properties of the electronic configuration of MnSi: ͑i͒ the dominant configuration is 3d 6 ; ͑ii͒ experimentally, the valence fluctuations are given by
where ␦N exp = 0.92 and N 0 = 6. For noninteracting particles distributed over 10 3d bands, having the average occupation of six electrons ͑N 0 =6͒, P͑N͒ is given by the binomial equation
͑NI= noninteracting͒, which is to a very good approximation given by Eq. ͑1͒ with N 0 = 6 and ␦N NI = 2.25. Thus the value ␦N NI / ␦N exp = 2.5 gives a measure of the valence suppression in the ground state. In Table I , we show the probability of having N electrons on an ion as a function of the occupation number in a LDA picture, together with the experimental findings. In Fig. 5 , one can see the fit to Eq. ͑1͒ for the experimentally derived P͑N͒ and the theoretical ones. width of each of the subbands is approximatively 2.5 eV, hence U = 0.4 W in this compound. This value implies that MnSi has to be considered as an itinerant system. On the other hand, the valence fluctuations should be strongly suppressed as compared to the noninteracting picture, and this indeed corresponds to what we observed experimentally. In Fig. 6 , we present the photoemission spectrum of the Mn 3s core level measured at an incident photon energy of 418 eV and the fluorescence spectrum measured at a photon energy of 660 eV; since photoemission is a very surface sensitive technique, we cross-check our results acquiring the corresponding fluorescence spectrum when possible. The Mn 3s photoemission shows a shoulder on the high energy side of the spectrum. Most likely, the mixed valence ground state we discussed before is responsible for this weak shoulder visible in the 3s spectrum. The asymmetry of the 3s levels photoemission in insulating Mn compounds, such as MnO, MnF 2 , or manganites, has been shown to be caused by the many-body interaction between the core-hole electron and the localized 3d electrons. 21, 24 In this case the role of the exchange interaction is predominant and, when the orbital moment does not contribute to the total magnetic moment of the charge carriers, a direct relation between the 3s level splitting and the spin magnetic moment is valid. On the other hand, it is well known that this relation does not hold any longer in more metallic systems. 25 When the electronegativity of the ligand atom decreases, the charge transfer satellites and the screening of the final state become more important; as a result, it is not possible any longer to attribute the peaks in the 3s spectra to pure spin states. Usually, in more covalent systems, the 3s levels splitting is smaller than what one would expect in the localized scenario because of these effects. We believe that this is the case in MnSi, whose metallic behavior reflects the covalent nature of the Mn-Si bonding.
In Fig. 6 , we also compare the experimental valence band photoemission spectra with the LDA calculations. The calculations include the radial matrix elements but ignore the k conservation between initial and final states. This is a reasonable approximation in the limit of large photon energy. 26 In the calculation, a peak is evident around 2.8 eV away from the Fermi edge, a similar feature is visible in the experimental spectrum, although its position is only 1.8 eV away from the Fermi edge. The valence band ͑VB͒ photoemission spectra have been collected using three incoming photon energies: 86 eV, 104 eV, and 196 eV and no appreciable changes where observed. Also in this case, the agreement between the calculation and the experiment is not satisfactory. The valence band photoemission on MnSi has already been reported together with the LDA calculation in Ref. 27 . The authors point out that the major deviations from the raw spectra and the calculations are ascribable to the on-site Coulomb repulsions, in agreement with our conclusion.
Our observations evidence the fact that in this class of materials it is not justified to neglect completely the electronelectron correlations. The discrepancy between the single particle scenario and the experiment is corroborated by the comparison in Fig. 3͑a͒ of the LDA prediction of the XAS spectrum to the experimental data. It would be tempting to attribute this discrepancy to the fact that XAS is a high energy probe, and that the observed spectra correspond to the final state with an extra core-hole present. However, ͑i͒ both in the band calculation as well as in the atomic multiplet calculations shown in Fig. 3͑a͒ , the presence of the core hole has been taken into account, ͑ii͒ theoretically these spectra are expected to be a very sensitive fingerprint of the initial state electronic configuration, ͑iii͒ the same concerns would apply to the transition metal oxide family, where XAS has been quite successful in probes of the magnetic properties. [28] [29] [30] [31] Moreover, also valence band photoemission, where no core hole is present, is inconsistent with the LDA approach. The cross-check of the results by means of different techniques, electron counting and photon counting techniques, makes us confident that we are indeed probing the electronic structure of bulk MnSi. Our estimated value for U / W around 0.4 classifies MnSi in a class of materials where none of the two approximations is particularly good: completely neglecting the electron-electron interactions or considering them as dominant. The helical magnetic structure of MnSi has been explained in terms of the Dyaloshinskii-Moryia interaction; the interplay between spin-orbit coupling and exchange interaction can result in an anisotropic exchange interaction, responsible for the helical magnetic structure in low symmetry crystals. For this to happen, the motion of the conduction electrons must have a finite orbital component, for example, a 3d 5 ͑ 6 S͒ ground state would be rather unfavorable in this context, having a null orbital moment. Our observations are compatible with this picture, providing an experimental support to the microscopic model.
In conclusion, we examined the electronic structure of MnSi using XAS, XFS, and XPS. The experimental data indicate that MnSi has a mixed-valence ground state of pre-dominantly 3d 6 character. The suppression of the valence fluctuations indicate that a considerable electron-electron interaction is present in this material; we estimate that the valence fluctuations are suppressed by a factor of 2.5, meaning that the Coulomb repulsions are non-negligible, but insufficient to form local moments on the Mn 3d shell.
